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ABSTRACT 
This project uses the Danish stream Elversdam Å 
as a case study to analyse uncertainty in climate 
modelling, with particular focus on the low flow 
of the stream. Three GCM-RCM pairings have 
been selected from the ENSEMBLES project (AR-
PEGE-RM5.1, ECHAM5-RACMO2 and HadCM3-
HadRM3), and their outputs have been compared 
to observed data from DMI Climate Grids from 
1991-2010. The comparisons are both on a sea-
sonal and annual basis. By comparing the output 
of the three climate models to the observed cli-
mate, the bias of the models have been corrected 
using a delta change method. The corrected cli-
mate models have been used to force a Danish 
water resource model (the DK-model) utilising 
the hydrological modelling system MIKE 
SHE/MIKE 11 to project future river discharge 
from Elverdams Å. All hydrological outputs pro-
ject increases in temperature and net precipita-
tion. Additionally, two out of three hydrological 
outputs project decreased river discharge, both 
in terms of low flow, peak flow and annual dis-
charge. 
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2 Introduction 
This section will introduce some elements that are fundamental to this project. The aca-
demic and personal motivation for the project will be presented, and the overall strategy 
will be explained briefly. Some of the concepts introduced here will be elaborated on later, 
as will the research method. There will be a short description of the study area, and finally 
the objectives of the project are outlined. 
 
Projections for the future climate are inherently uncertain. This uncertainty stems from 
the fact that the projections are attempts to predict future conditions. Future conditions 
are exceedingly dependent on the actions of humans, and as it is not possible to accu-
rately predict future human behaviour, it is not possible to ascertain which future car-
bon dioxide emission scenario is more realistic. This directly affects uncertainties sur-
rounding climate sensitivity, as predicting the sensitivity of the climate system under 
future conditions of forcing due to greenhouse gases is yet unviable. These uncertainties 
are important to consider when making climate projections, as one can only ever claim 
to make educated guesses; projections as opposed to predictions. 
In spite of, or perhaps because of these uncertainties, our society has be-
come increasingly concerned with what the future will look like. Publications by the 
UN’s International Panel on Climate Change (IPCC, 2013) and the ENSEMBLES project 
(van der Linden & Mitchell (eds.), 2009), supported by the European Commission, em-
phasise the importance of immediate action and intensified research regarding future, 
as well as current, climate change, as anthropogenic forcing is constantly increasing. 
This anthropogenic impact is proven to lead to global climate changes, such as increases 
in temperature, which in turn affects our global water resources. Water resources are of 
general concern to our society. All societies are highly dependent on water availability 
for consumption, cultivation, and production, but also sensitive to water excess in terms 
flood management. Several studies have been published in regards to extreme hydrolog-
ical events (Fowler, et al., 2007; Katz, et al., 2002; Kim, 2005; Pilling & Jones, 2002; Voss, 
et al., 2002), but there is a gap in research concerning projected climate change and its 
impacts on low flow discharge of rivers and streams.  
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  The low flow is the water in a river or stream without added input from 
precipitation (Olsen, et al., 2013, p. 57). Low flow can be considered the base of river 
discharge. It is an important factor in water availability because decreasing or increasing 
trends in river discharge directly affects the water available. Thus, climate change can 
have an impact on the low flow of a river in both ways as events of heavy rainfall or of 
drought are enhanced, which may affect water availability and ecological habitats of the 
streams. 
 In addition to the academic interests of this topic, we have personal interest 
in learning more about water supplies and climate change, both in Denmark and global-
ly. The sequence of storms during the winter of 2013, the high daily water usage associ-
ated with a Western lifestyle, and continuous global water pollution contribute to our 
concern for the environment, and to a feeling that additional information and change are 
urgently needed.  
  The aim of this project is to use a case study of a stream to assess uncertain-
ties associated with climate modelling, and analyse how different climate scenarios will 
have an impact on the low flow of a stream. In order to accomplish this, we selected El-
verdams Å as a case study. This stream was a convenient choice because a study within 
this area had already been initiated, and our project supervisor could supply us with 
observational and modelled data from this stream. 
  Projections from IPCC’s A1B emission scenario for the catchment have been 
simulated in three global climate models (GCMs) paired with three regional climate 
models (RCMs). We used observations from 1991-2010 to determine the accuracy of the 
models and to adjust their biases. The models used will be listed in the methodology 
section. The outputs from these models were used as input to the Danish water resource 
model known as the DK-model, which is based on the hydrological modelling system 
MIKE SHE/MIKE 11. For the analysis, the DK-model will be used to create a fourth out-
put, based on a Danish climate scenario, which will serve as a baseline for comparison of 
results. 
  The analysis is centred around the low flow of Elverdams Å and how this is 
likely going to change in the far future (2071-2100), both in terms of seasonal and annu-
al variations in water discharge. It seeks to combine an inspection of local hydrological 
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circumstances with models of climate change to estimate the effects of climate change 
on the stream.  
2.1 Study area 
This project uses Elverdams Å as a case study. It is a stream located in Northern Zealand, 
Denmark, approximately 15 km from the town of Holbæk. Denmark has a temperate 
climate, with mild winters and wet summers and autumns (Olsen et al., 2013, p. 53). The 
topography of Zealand is characterised primarily by lowland and a morphology of glacial 
origin. With a catchment area of 35 km2 (Henriksen et al., 2003, pp. 56;60), Elverdams Å 
has its runoff outlet in Tempelkrogen, the southernmost part of Isefjord.  
2.2 Objectives of project 
The objectives of this project were to: 
 Identify and account for climate model bias in three climate models that have 
been selected to represent the range of projections of the ENSEMBLES project.  
 Compare the annual and seasonal characteristics of the three climate models to 
each other. 
 Apply the delta change bias correction method as a way of coping with model bi-
as and revealing relative climate change. 
 Determine the projected changes in precipitation, temperature and potential 
evapotranspiration near Elverdams Å for the period 2071-2100, based on the 
three climate model outputs. 
 Use the bias corrected climate model data to force the hydrological model under 
future climate conditions. 
 Using the discharge output from the hydrological model, assess how climate 
change may impact low flow in Elverdams Å. 
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3 Climate change modelling, uncertainty and hydrology 
This chapter will provide information and explain concepts relevant for this project. Firstly, 
this chapter will account for the hydrological cycle, as the variables involved are highly 
relevant to the process of hydrological modelling. Secondly, this chapter will explain how 
and why climate change is modelled. Finally, this chapter will attempt to account for the 
complexity of uncertainty in climate modelling and projecting the future.   
3.1 The hydrological cycle 
An appreciation of the hydrological cycle is needed in order to understand the structure 
of hydrological modelling. This section will go through components of the hydrological 
cycle, from precipitation and evapotranspiration, to the mechanisms involved in the 
process whereby precipitation becomes river discharge. 
 
The area drained by a river and its tributaries defines the river catchment (also called 
the drainage basin or watershed). The catchment is defined by its surrounding topogra-
phy since altitude determines in which direction water flows and where a river forms 
(Holden, 2012, p. 307). The water balance of a catchment can be divided into three cate-
gories:  
1) Input, as precipitation, denotes how much water enters the catchment.  
2) Output, that is water lost to runoff (river discharge) or evapotranspira-
tion (the combined amount of water lost to evaporation and plant tran-
spiration), denotes how much water leaves the catchment. 
3) Storage denotes the amount of water stored in lakes and reservoirs, ice- 
and snow covers, ground- and soil water, that potentially can become 
output (Holden, 2012, pp. 308-310;314-318).  
 
The water balance can be expressed as an equation: 
𝑄 = 𝑃 − 𝐸𝑇 ± ∆𝑆 
where Q is river discharge or all the water that leaves the catchment outlet; P is precipi-
tation; ET is evapotranspiration; and ∆S is change in storage. The water balance equa-
tion gives an understanding of how precipitation is distributed. 
Equation 1  
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  Any input from precipitation that does not evaporate or is used for plant 
transpiration will either go into underground reservoirs or become stream discharge. 
The amount of precipitation that is discharged or stored underground is also referred to 
as net precipitation (netP). When net precipitation is relatively low, water is released 
from storage and enhances stream or river discharge. When net precipitation is high, the 
excess water is stored in reservoirs (Davie, 2008, pp. 11;76). The storage value is d e-
fined as being positive if water comes out of storage, because then it contributes to river 
discharge, and conversely is a negative value if water goes into storage.  
  Precipitation in the form of rain or snowfall can hit the ground surface di-
rectly or it can be intercepted by vegetation. If the water is intercepted before it reaches 
the ground it will eventually evaporate. Precipitation not intercepted by vegetation may 
also pond on the surface, where it will either evaporate or infiltrate the soil. Evap orated 
water returns to the atmosphere where it again condenses and falls as precipitation, and 
this process is repeated (Graham & Butts, 2005, p. 2). Evaporation can be divided into 
two categories: Potential evaporation denotes the maximum amount of evaporation fea-
sible given an unlimited amount of water, and actual evaporation is the amount of evap-
oration that occurs with the real amount of water available (Arnell, 2002, p. 42).  
  The term infiltration capacity denotes the soil’s density and how easily wa-
ter can infiltrate it. Consequently it is also the threshold at which water cannot infiltrate 
the soil and will move as overland flow instead. If the water input is greater than the 
infiltration capacity of the soil, infiltration-excess overland flow, or Hortonian overland 
flow, occurs. This is common in areas with semi-arid climates where surface soils are 
difficult for precipitation to infiltrate, and where precipitation is likely to occur in ex-
tremes. 
  Alternatively, if the soil is already saturated during rainfall, the water can-
not enter the soil and leads to what is called saturation-excess overland flow (Holden, 
2012, pp. 318-320). Water that infiltrates the soil can be absorbed by vegetation roots 
and transpired back into the atmosphere, or it may infiltrate the soil and reach ground-
water reservoirs, resulting in saturated throughflow where water moves underground. 
The water table defines the zone of completely saturated soil. Precipitation, or lack 
thereof, can directly influence the depth of the water table. Finally, infiltration may re-
sult in unsaturated throughflow. In this case, water will move relatively slowly through 
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the unsaturated soil at different rates, depending on the porosity of the soil and its hy-
draulic conductivity. The types of soil porosity can be divided into fine pores of matrix 
flow, larger pores for macropore flow and even larger pores of pipeflow (Holden, 2012, 
pp. 318-321; 325). Thus the geology and topography of a given catchment determine the 
spatial and temporal distribution of water and soil moisture and directly affect river dis-
charge. 
3.2 Climate modelling 
Why should we model the climate in the first place? McGuffie & Henderson-Sellers 
(2014) line up a range of reasons for modelling the climate, where four of them are:  
1) “Climate models test the robustness of prevailing theories. 
2) Climate models illuminate salient features and core uncertainties. 
3) Climate models reveal the apparently simple to be complex and vice versa. 
4) Climate models discipline the policy dialog.” 
(McGuffie & Henderson-Sellers, 2014, p. 11). 
The history of climate modelling dates back to the beginning of the 20th century. The 
first attempt to forecast the weather was initiated by the English mathematician Lewis 
Fry Richardson during World War I using a numerical weather model. His method was 
essentially correct, but his results were poor due to the technological limitations of his 
time. Nearly half a century later, in 1965, the first operational weather forecasting model 
was created. It was based on the same mathematical equations as in Richardson's time, 
but still suffered from technological limitations (Houghton, 2009, pp. 93-94). As tech-
nology developed, so did the weather models. Weather models, however, focus on a pre-
diction of weather conditions in the nearest future. Along with the technologic ad-
vancements in weather prediction grew the interest in climate projections, and so cli-
mate models were created. Climate models are associated with a significantly longer 
temporal range, stretching from years to decades, or even longer. This is the main differ-
ence between weather models and climate models: Weather models attempt to predict 
and forecast the nearest future, whereas climate models projects conditions of a more 
distant future (O'Hare et al., 2005, p. 177). Projections can be defined as “model-derived 
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Figure 1. Illustration of the difference between a GCM and a RCM, both in 
size of area being modelled and in grid size. 
estimates of future climate that are linked to defined forcing stories (e.g. the change in so-
lar radiation, in greenhouse gases, in land-use disturbances)” (McGuffie & Henderson-
Sellers, 2014, p. 98). 
  Climate models interpret the climate system as an interplay of five parts: 
the atmosphere, oceans, land, ice and the biosphere (Houghton, 2009, p. 108). They cre-
ate modelled outputs that serve as scenarios based on anthropogenic changes.  
  A climate model is 
a simplification of an otherwise 
complex reality. Climate mod-
els can roughly be divided into 
GCMs and RCMs. GCM stands 
for General Circulation Model 
or Global Climate Model. GCMs 
are concerned with a represen-
tation of the global climate sys-
tem, and the Earth is divided into cells specified by regular grids that extend into the 
atmosphere by several layers. GCMs are normally structured around spatial grids with 
cells of approximately 300 x 300 km (O'Hare et al., 2005, p. 186). This means the resolu-
tion of GCMs is fairly coarse. A higher resolution is often needed to capture specific cli-
matic components at a smaller scale. 
  RCM stands for Regional Climate Model. RCMs are similar to GCMs but have 
a much finer spatial resolution: “The RCMs rely on the coarser output from GCMs, which 
they use as initial and boundary conditions to drive their spatially refined simulations of 
climate change” (Loáiciga, 2003, p. 31). The spatial grid resolution of an RCM typically 
has cells of approximately 20 x 20 to 50 x 50 km (O'Hare et al., 2005, p. 188). Therefore, 
RCMs are better at capturing components at a finer scale than GCMs, but they are less 
useful for generalising trends. 
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3.3 Uncertainty in climate projections 
“Uncertainty is not simply the absence of knowledge.”  
(Walker et al., 2003, p. 8). 
 
According to the IPCC's Fifth Assessment Report (AR5) from 2013, “warming of the cli-
mate system is unequivocal” (IPCC, 2013, pp. 2;11). Additionally, the anthropogenic radi-
ative forcing has increased rapidly and anthropogenic-induced climate change is now 
classified by the IPCC (2013) as “virtually likely”. However, as the above statement from 
Walker et al. (2003) insinuates, the fact that we know climate change is happening does 
not mean we know exactly how it will transpire. This is what the term ‘uncertainty’ is all 
about. Walker et al. (2003) defined uncertainty as “any deviation from the unachievable 
ideal of completely deterministic knowledge of the relevant system” (Walker et al., 2003, p. 
5). In this definition lies the view that uncertainty is inherent as it is impossible to create 
a completely accurate understanding of the systems in the world.  
 
Walker et al. (2003) also describes three dimensions of uncertainty: 
 1) ‘The location of uncertainty’, which has five categories: 
I. The context. There is uncertainty in the “identification of the boundaries of 
the system to be modelled” (Walter et al., 2003, p. 9).  
II. The uncertainty of the chosen model. This originates from either the 
structure of the model itself or technical uncertainty from the computer 
implementation, e.g. bugs in the software. 
III. Uncertainty in terms of input to the model, e.g. the available climate da-
ta. 
IV. Parameter uncertainty. Although some parameters are exact or fixed, 
other parameters are unknown and are determined by calibration “which is 
performed by comparison of model outcomes for historical data series regard-
ing both input and outcome” (Walker et al., 2003, p. 11). 
V. The model outcome uncertainty, which is the accumulated uncertainty. 
This uncertainty is assessed by taking the previous four variables into ac-
count (Refsgaard et al., 2007, pp. 1546-1547 & Walter et al., 2003, p. 9).  
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2) ‘The level of uncertainty’, which explains the different levels of knowledge. This spec-
trum of knowledge ranges from the unachievable ideal of a completely accurate under-
standing to total ignorance. Here Walker et al. (2003) recommends decision-makers not 
to hope to eliminate uncertainty, but rather strive “to reduce the undesired impacts from 
surprises” (Walker et al., 2003, p. 11). 
3) ‘The nature of uncertainty’ deals with “whether the uncertainty is due to the imperfec-
tion of our knowledge or is due to the inherent variability of the phenomena being de-
scribed” (Walker et al., 2003, p. 8). That is, if the uncertainty is epistemic or stochastic.  
Epistemic uncertainty can be reduced by further research, but can at the same time re-
sult in increased uncertainty. This is because “new knowledge on complex processes may 
reveal the presence of uncertainties that were previously unknown or were understated” 
(Walter et al., 2003, p. 8). As our understanding of a concept, system or process grows, it 
may in turn unveil several new questions about other processes (Foley, 2010, pp. 648 -
649). Stochastic uncertainty, or variability uncertainty, will always be present and has 
four sources: 
I. The randomness of nature. The natural system is considered to be chaotic 
and thus unpredictable. 
II. The irrational behaviour of humans. How we humans choose to deal with 
the issue of climate change in the future can only be guessed at and divided 
in different emission scenarios. Foley (2010, p. 650) argues that this “un-
predictability of future anthropogenic greenhouse gas emissions and their re-
sultant atmospheric concentrations” is the greatest uncertainty in climate 
modelling. 
III. Societal variations, e.g. economic or political changes. 
IV. Technological surprises, e.g. new breakthroughs with its new and/or 
unexpected consequences (Walker et al., 2003, p. 14). 
It is therefore vital to conduct uncertainty assessments of model simulations as an ongo-
ing process from the very beginning of projecting the future climate (Refsgaard et al., 
2007, p. 1544). 
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Figure 2. The cascade of uncertainty, illustrating the accumulation of 
uncertainty throughout the processes of climate change projections. 
Another category of uncertainty is 
revealed by the so-called ‘cascade 
of uncertainty’. This characterisa-
tion of uncertainty deals with the 
accumulation of uncertainty 
throughout the processes of cli-
mate change projections. It begins 
with the emission scenarios com-
puted by climate models (e.g. 
IPCC’s A1B emission scenario) and 
ends at the downscaling from a 
GCM to a RCM and the range of 
potential impacts. Emission 
scenarios differ greatly from each other, resulting in distinct individual carbon cycle re-
sponses, i.e. how responsive the climatic system is to a change in greenhouse gas forcing. 
Additionally, various carbon cycle responses affect the global climate sensitivity differ-
ently, increasing the uncertainty yet again. The final step in the cascade of uncertainty is 
moving from emission scenarios on a global scale to the regional climate scenarios that 
operate at a much finer scale (Foley, 2010, p. 665). The uncertainty increases even fur-
ther when looking at the range of possible impacts of emission scenarios, which poses a 
growing dilemma for decision-makers when dealing with issues of climate change miti-
gation and adaptation (Maslin, 2013, p. 1).  
  There is a lack of complete knowledge of the climatic feedback mechanisms, 
where the effects and impacts by a change in greenhouse gas emission may be enforced 
or diminished by other climatic responses. An example of this is the declining albedo 
factor. Increased greenhouse gas emissions result in a warming of the atmosphere, 
which in turn leads to the melting of arctic ice, resulting in a decreased albedo-effect. A 
declining albedo means that less radiation is reflected and instead remains within the 
Earth’s atmosphere, leading to increasing temperatures. Such mechanisms are referred 
to as ‘positive feedback mechanisms’. While some of these feedback mechanisms are 
known, one cannot claim to know them all – there will be so-called “unknown un-
knowns”. For example, it has been established that the climatic system has so -called 
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“tipping elements” that are in risk of reaching their respective “tipping points” , or 
thresholds, from where the system is unable to return to its former state. However, 
without research in the subject, and without adequate information, one cannot say 
where these tipping points are since identifying them is difficult. (Foley, 2010, pp. 651-
654). Finally, future external forcing, such as increased solar radiation or volcanic erup-
tions, occur randomly (meaning they are part of the variability uncertainty mentioned 
earlier).  
  The fact that uncertainties exist in climate modelling is undisputed and un-
derstood by most policy makers and the scientists providing the material supporting the 
cause. However, there is still room for improvement and more research in understand-
ing the different categories of uncertainty and how to deal with them (Walker et al., 
2003, p. 5). 
  
As the key concepts now have been presented, the next chapter will account for the 
methodology of the project. 
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4 Methodology 
This chapter contains an overview of the general strategy used in the project; a presenta-
tion of how the data was collected, chosen and what it consists of; how three climate mod-
els were chosen from the ENSEMBLES project; how the models’ biases were corrected, and 
some other smaller points. Exactly how the data will be analysed is explained in the begin-
ning of the next chapter (chapter 5).   
4.1 The overall trajectory of the project 
Before going into detail of each step of the methodology, the overall plan of  the project 
will be described and illustrated below. 
  DMI’s observations from Elverdams Å during 1991-2010 will be used for 
delta change bias correction of three different GCM-RCM pairings so they resemble the 
observed data more accurately. These three climate models will be used to create three 
future climate scenarios for the area around Elverdams Å (years 2071-2100). This is 
done by using the output from these models as inputs in the Danish water resource 
model, the DK-model, which utilises a hydrological modelling system called MIKE 
SHE/MIKE 11. As such, the DK-model generates four future scenarios for Elverdams Å, 
where three of them are from the climate models, and a fourth output serving as a base-
line for comparison. 
 
Figure 3. Trajectory of the project. 
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Figure 4. Map of Elverdams Å and the surrounding area. Visible 
on this map is the catchment of the stream, the DMI station and 
the DMI climate grid of 10 x 10 km (the big grey squares). 
4.2 DMI Climate Grid 
From 1991 to 2010, the Climate 
Grid – Denmark from the Danish 
Meteorological Institute (DMI) has 
provided daily climatic data from 
its grid-system covering the Dan-
ish landscape. For that reason 
1991-2010 has been used as the 
reference period in this project. 
The climatic data available from 
these grids includes: precipitation in 
mm/day; temperature in °C per day; 
and potential evapotranspiration in mm/day. Information about wind speed in m/s and 
global radiation in MJ/m2 can also be gathered, but these are not relevant to this project 
(Scharling, 2012, p. 7). 
  Although evapotranspiration and temperature are measured in a 20 x 20 
km grid scale, both grids have been formatted to match 10 x 10 km grids because this 
was the grid size used for measuring precipitation. The DMI grid scale will therefore be 
referred to as a 10 x 10 km grid. Explaining in detail the exact way this was done is not 
within the scope of this project, however, it essentially followed a common reverse 
weighted interpolation method, described in Seaby (2013, p. 17). The DMI Climate Grid 
data used in this project comes from the single 10 x 10 km DMI grid covering the El-
verdams Å catchment. This area includes the DMU (previously Danmarks 
Miljøundersøgelser, now the Danish Centre for Environment and Energy) station #51.1 at 
the base of the catchment collecting data from the Elverdams Å stream. 
4.3 ENSEMBLES RCMs and choice of climate models 
The ENSEMBLES project was initiated by the European Commission as a five-year pro-
gram running from 2004 to 2009. It was a collaboration of 66 institutes from 20 coun-
tries and is considered one of the largest climate change research projects ever conduct-
ed. The objective of the project was to run multiple climate models in order to improve 
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the accuracy and reliability of climate change projections. More specifically, the ENSEM-
BLES project aimed at creating a “prediction system for climate change based on the prin-
cipal state-of-the-art, high resolution, global and regional Earth System models [in order] 
to produce for the first time, an objective probabilistic estimate of uncertainty in future 
climate at the seasonal to decadal and longer timescales” (van der Linden, 2009, p. 4). In 
addition, efforts were focused on addressing the problem of uncertainty, to quantify it 
and to reduce it. The results of the project should be useful for a range of sectors, not 
only for climatology but also agriculture, food security, weather risk management and 
more (van der Linden, 2009, pp. 3-4). 
  The ENSEMBLES project used a multi-model approach where a range of 
climate models consisting of different GCM and RCM pairings were run and juxtaposed 
to create a so-called ‘matrix of simulations’. Because this method was regarded a ‘weigh-
ing methodology’ and dealt with the view that “no single model is best at representing all 
climate processes and variables” (van der Linden, 2009, p. 13), this approach was consid-
ered an improved way of measuring uncertainty. What is also unique about the ENSEM-
BLES project is that the climate models had high resolutions, leading to grid-scales from 
25 x 25 to 50 x 50 km. Additionally, the models were capable of creating long simula-
tions, projecting conditions as far as to the end of the 21st century. 
  All climate models from the ENSEMBLES project utilised in this project 
were ‘forced’ with the IPCC’s A1B emission scenario , meaning data from that scenario 
was used as input. The A1B scenario is described as a ‘balanced’ mid-severity scenario 
with “rapid economic growth, global population that peaks in mid-century and declines 
thereafter, and the rapid introduction of new and more efficient technologies” (IPCC2, 
2007, p. 44). The A1B emission scenario is considered ‘balanced’, as it does not rely 
heavily on one particular source of energy, as the improvements in technologies also 
apply to the energy sector. 
  
For this project, three GCM-RCM pairings have been selected from the GCM-RCM pair-
ings made by the ESEMBLES project. The chosen models are: 
 ARPEGE-RM5.1 from the National Centre of Meteorological Research (CNRM), 
France. 
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 ECHAM5-RACHMO2 from the Max Planck Institute for Meteorology (MPI), Ger-
many and the Royal Netherlands Meteorological Institute (KNMI). 
 HadCM3-HadRM3 from the Met Office Hadley Centre (METO-HC), UK. 
 
Instead of running the climate models ourselves, the outputs from the three climate 
models were downloaded from the ENSEMBLES database. The explanation for this is 
that even with the appropriate technology, running these climate models takes weeks to 
complete.  
The three models were chosen because they all utilise the same IPCC emis-
sion scenario (A1B), have the same resolution of 25 x 25 km, and simulate the same time 
period (1951-2100). Other pairings were 50 x 50 km, only simulated through 2050, or 
they utilised a different emission scenario (Seaby, 2013, p. 19). In other words, the basis 
for selecting these three models was to acquire the optimal compatibility of the outputs 
of the models. At the same time, in the ENSEMBLES project the three models seemed to 
vary significantly from each other, especially in terms of changes in precipitation. As 
such, we expected to get the most interesting and widest range of results for comparison 
by using those three models. 
  This project investigates the so-called ‘far future’ time-period, which lasts 
from 2071 to 2100. This time frame was selected as it shows the largest impact of cli-
mate change as well as variance between the models. Additionally, the individual climate 
variables of the three models response to the A1B emissions scenario are more drastic 
and visible further into the future. 
4.4 Unifying the GCM and RCM grids 
As stated earlier, the DMI climate grids have a scale of 10 x 10 km whereas the climate 
models are 25 x 25 km, as illustrated in the figure below. This becomes a problem, as 
having uniform spatial range of grids is ideal when correcting the biases of the models. 
Our supervisor therefore interpolated the RCM climate variables down to 10 km, rather 
than scaling the DMI climate grid up to 25 km, to preserve the high-resolution observed 
data from DMI (Seaby, 2013, p. 17-19). Thus, the RCM European datasets were format-
ted to match the Danish grid-system. 
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Figure 5. This figure shows six of the seven hydrological domains made by the DK-model. The figure also includes both the 
DMI 10 x 10km grid system, and the ENSEMBLES project’s RCM 25 x 25km grid. As can be seen, the RCM grid system is 
slightly tilted. 
4.5 The DK-model 
The Danish National Water Resources Model, referred to as the DK-model, was devel-
oped by the Geological Survey of Denmark (GEUS) in 2001. The DK-model is set up in 
the terrestrial hydrological modelling system MIKE SHE / MIKE 11 created by the re-
search organisation DHI (Vandmodel1, undated). It is a hydrological computer model, 
which calculates both groundwater and surface water, including precipitation, evapora-
tion, overland flow and more. The purpose of the DK-model is to create a national over-
view of the exploitable water resources, which in Denmark is based 99% on groundwa-
ter, and how this is distributed regionally (Vandmodel2, undated). 
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  Because of organisational purposes, the DK-model divides Denmark (the 
size of which is approximately 43,000 km2) into seven domains (DK1-7). The figure 
above features six of the domains. The 7th is Bornholm, an island in south-eastern Den-
mark, and not visible on the figure. The domain utilised in this project is that of Zealand, 
which has the domain DK1 and measures 7,162 km2. 
  Running the DK-model requires daily climate inputs of precipitation 
(mm/day), temperature (°C) and evapotranspiration (mm/day) to force the hydrologi-
cal model.  We utilise both observed and modelled climate data to establish both a base-
line and projections of possible future change in hydrological outputs. Since this project 
makes use of three separate climate models, the DK-model was run three times as well. 
In this project, the output from the DK-model will be without groundwater pumping. 
There are two reasons for this: Firstly, our supervisor had already run the model with 
pumping. It would therefore be more interesting to try without, as this would generate 
new results and another aspect to ongoing research. Secondly, the results without 
pumping will decrease the number of casual effects, and thus make the changes in the 
climate more apparent. 
4.6 Bias Correction 
A term used frequently with regards to climate models is ‘bias’, and it is of ten accompa-
nied with strategies to reduce or remove it. That a model has bias means that, due to 
systematic errors, there is a difference between what the model calculates and what is 
observed. Bias is expected in climate modelling and it is our objective to measure this 
bias and, in various ways, to modify or utilise the climate model outputs in a way that 
circumvents or removes the bias. This procedure is known as downscaling and/or bias 
correction, and there are several ways to do this. 
  When using the raw output from a GCM on a regional scale, the climate var-
iables are inadequate for assessing hydrological impacts of climate change. This is be-
cause the spatial resolution of GCMs is typically much larger (such as 200 x 200 km) 
than the resolution of hydrological modelling (the DK-model, for instance, has 500 x 500 
m). GCMs are therefore regarded as “unreliable at individual and sub-grid box scales” 
(Hay et al., 2000, p. 287). However, GCMs are still “the primary tool used in investigating 
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global change” (Hay et al., 2000, p. 396) as they are reasonably accurate when simulat-
ing the current climate on a large scale. RCMs are often effectively downscaled from 
GCMs, but they should be used cautiously for impacts studies (Hay et al., 2000, p. 396). 
This is because while RCMs “are able to depict small-scale features of the climate, they 
will inherit and reflect any large-scale biases that exist in the global model” (McGuffie & 
Henderson-Sellers, 2014, p. 352).  
Now that the concept of bias has been explained, the next section will describe how we 
go about reducing it. 
4.7 Delta Change 
A commonly applied approach of bias correction is the so-called delta change (DC) 
method. The DC method takes the standpoint that climate models (GCMs as well as 
RCMs) are better at simulating relative changes than absolute values. The DC method 
therefore makes changes by using factors or values derived by comparing projected past 
and future modelled climates. Finally, these factors or values are perturbed onto an ob-
served dataset (Hay et al., 2000, p. 387). The DC method preserves the climate dynamics 
found in the observed data, hence changes in variability are not necessarily included 
(e.g. the distribution of wet and dry days or extreme climatic events such as storms or 
droughts) (Seaby, 2013, p. 14). This is because the DC change factors and values are 
based on mean seasonal or monthly characteristics, and, by definition, the method per-
turbs those mean changes evenly onto observed data. 
  In this project, the following equations for the DC methods were used to 
prepare climate change variables for forcing the hydrological model. Temperature is a 
state variable, like pressure and volume, and is therefore applied as absolute values, as 
opposed to precipitation and evapotranspiration, which are flux-variables and therefore 
applied as relative change factors. For the following DC equations, ‘day’ = i, and ‘month’ 
= j, where i = 1, 2, …, 31 and j = 1, 2, …, 12. Accents above a variable represents the mean 
of that value. 
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4.7.1 Corrected precipitation 
The formula used for correcting bias in precipitation was:  
 
𝑃𝑐𝑜𝑟𝑟(𝑖,𝑗) = 𝐷𝐶𝑃(𝑗) × 𝑃𝑜𝑏𝑠(𝑖,𝑗)  ;𝐷𝐶𝑃 =  
?̅?𝑓𝑢𝑡(𝑖,𝑗)
?̅?𝑝𝑎𝑠𝑡(𝑖,𝑗)
 
where Pcorr represents the delta change bias corrected precipitation variable; 
where corrected precipitation (Pcorr) reflects the perturbation of delta change factors 
(DCp) onto the observed precipitation (Pobs) for month (j) and day (i); 
and where Pfut and Ppast is RCM precipitation from either of the three climate models and 
Pobs is from the DMI climate grid data. 
 
4.7.2 Corrected potential evapotranspiration 
The formula used for correcting bias in evapotranspiration was:  
𝑝𝑜𝑡𝐸𝑇𝑐𝑜𝑟𝑟(𝑖,𝑗) = 𝐷𝐶𝑝𝑜𝑡𝐸𝑇 (𝑗) × 𝑝𝑜𝑡𝐸𝑇𝑜𝑏𝑠(𝑖,𝑗)  ; 𝐷𝐶𝑝𝑜𝑡𝐸𝑇 =  
𝑝𝑜𝑡𝐸𝑇̅̅ ̅̅ ̅̅̅ ̅̅ 𝑓𝑢𝑡(𝑖,𝑗)
𝑝𝑜𝑡𝐸𝑇̅̅ ̅̅ ̅̅ ̅̅ ̅𝑝𝑎𝑠𝑡(𝑖,𝑗)
 
where potETcorr represents the delta change bias corrected potential evapotranspiration 
variable; 
where corrected potential evapotranspiration (potETcorr) reflects the perturbation of 
delta change factors (DCpotET) onto the observed potential evapotranspiration (potETobs) 
for month (j) and day (i); 
and where potETfut and potETpast is RCM potential evapotranspiration from either of the 
three climate models and potETobs is from the DMI climate grid data. 
4.7.3 Corrected temperature 
The formula used for correcting bias in evapotranspiration was:  
𝑇𝑐𝑜𝑟𝑟 (𝑖,𝑗) = 𝐷𝐶𝑇(𝑗) + 𝑇𝑜𝑏𝑠(𝑖,𝑗)  ; 𝐷𝐶𝑇 =  ?̅?𝑓𝑢𝑡(𝑖,𝑗) − ?̅?𝑝𝑎𝑠𝑡(𝑖,𝑗)  
where Tcorr represents the delta change bias corrected temperature variable; 
where corrected temperature (Tcorr) reflects the perturbation of delta change values 
(DCT) onto the observed temperature (Tobs) for month (j) and day (i); 
Equation 2  
Equation 3  
Equation 4  
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and where Tfut and Tpast is RCM temperature from either of the three climate models and 
Tobs is from the DMI climate grid data. 
  
In contrast to the two former equations, temperature is a value and is therefore per-
turbed additively. 
 
The DC corrected precipitation, potential evapotranspiration and temperature have 
been created for input to the hydrological model (the DK-model). The corrected varia-
bles represent the mean climate in the 30-year future period (2071-2100) perturbed 
onto 20 years of observed climate (1991-2010). 
  
This concludes the selection of data, climate models, and how the data was handled. The 
next chapter will first explain how the data has been analysed, and then present the re-
sults of the analysis. 
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5 Results 
In the first subchapter, the modelled climate outputs from the reference period (1991-
2010) will be compared to actual observations from that same period. This will be done in 
order to establish the nature of bias in the climate models. In the second subchapter, the 
results of the delta change method for the future period (2071-2100) will be explained in 
order to measure climate change. In the third and final subchapter, our hydrological re-
sults focusing on low flow discharge will be presented and described.  
5.1 Climate models 
This section will focus on the results based on the climate models. As such, this section 
will explain results within precipitation, temperature and potential evapotranspiration. 
Firstly, these will be depicted in comparison to the reference period (1991-2010), and 
secondly, they will be depicted in comparison to the far future period (2071-2100).  
5.1.1 Reference period 
This section aims to give an understanding of how much bias each of the climate models 
have. The following tables and figures do not explain reasons for bias in the climate 
models, as the nature of these systematic errors are complex and well beyond the scope 
of this project, but rather describe the amount of bias in the models in comparison to the 
observed data. 
 
Mean annual stats  
Table 1 shows annual summary statistics for the three climate variables from the refer-
ence period of 1991-2010 in the Elverdams Å catchment area and from the three climate 
models. The first column reports the average total amount of precipitation annually. The 
second column reports the average daily temperatures. The third column reports the 
average total annual amount of potential evapotranspiration. The first row indicates the 
actual observed climate variables of this area, whereas the next three rows show the 
three different GCM-RCM pairings: ARPEGE-RCM5.1, ECHAM-RACMO2, and HadCM3-
HadRM3.  
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Table 1. Mean annual summary statistics for 1991-2010. 
 
 For precipitation, it can be observed that both the ARPEGE-RM5.1 and ECHAM5-
RACMO2 simulate higher precipitation than what was observed. HadCM3-HadRM3 is the 
only model has a dry bias, with 8% less annual precipitation than the observed. AR-
PEGE-RM5.1 is just slightly wetter with a 3% wet bias, and ECHAM5-RACMO2 with a 
greater wet bias – 15% more than observed. 
  For temperature, all of the models simulated a colder average daily temper-
ature than the observed, albeit only a slight cold bias for ECHAM5-RACMO2, which pro-
jected an average daily temperature 2% colder than the observed. ARPEGE-RM5.1 pro-
jected a daily average temperature 9% colder than the observed, and HadCM3-HadRM3 
had the greatest cold bias at 12% below the observed. 
  For potential evapotranspiration, all models projected that a significantly 
lower amount of water vapour could be evaporated or transpired. ARPEGE-RM5.1 and 
ECHAM5-RACMO2 were the most biased, with respectively 33% and 32% less than the 
observed. HadCM3-HadRM3 followed closely and simulated 29% less potential evapo-
transpiration than the observed.  
  To summarise, the ARPEGE-RM5.1 was fairly close to the observed amount 
of precipitation, but it was otherwise colder than the observed. ECHAM5-RACMO2 was 
nearly accurate in temperature, but wetter than the observed. HadCM3-HadRM3 was a 
little drier in precipitation than the observed, and fairly colder. All three models were 
roughly 30% off on potential evapotranspiration.  
  
Avg. total annual pre-
cipitation (mm/yr) 
Avg. daily tempera-
ture (°C) 
Annual potET 
(mm/yr) 
OBS 779,46 8,59 614,62 
ARPEGE-RM5.1 800,17 7,81 410,09 
ECHAM5-
RACMO2 898,44 8,42 419,72 
HadCM3-
HadRM3 716,08 7,58 437,97 
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Mean monthly stats  
The following three figures (figure 6a, 6b, and 6c) show the mean monthly amount of 
precipitation, temperature and potential evapotranspiration per day during the period 
of 1991-2010. They illustrate the trends of the three models, as well as the observed 
variables. Similar to the previous table, the figures show the bias of the models com-
pared to the observed.  
 
Figure 6a. Mean monthly precipitation per day (1991-2010). 
ARPEGE-RM5.1 is fairly similar to the observed precipitation during the late winter and 
early spring months, but has a strong wet bias during late spring and early summer 
months. In June, the bias trend reverses and it becomes too in the late summer, autumn 
and winter months. ECHAM5-RACMO2 is quite accurate in February, May and June, but 
otherwise has a wet bias, particularly during autumn. HadCM3-HadRM3 has a wet bias 
during spring and a dry bias the rest of the year. 
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Figure 6b. Mean monthly temperature per day (1991-2010). 
For temperature, the models generally fit the observed very well, and bias is limited. 
ARPEGE-RM5.1 shows a slight cold bias in the autumn and winter months. HadCM3-
HadRM3 also shows a slight cold bias in the winter, spring and autumn, and a very slight 
warm bias during summer. It should be noted that these biases are very small and that 
the uncertainty of the models with regards to temperature is very low.  
 
 
Figure 6c. Mean monthly potential ET per day (1991-2010). 
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 For potential evapotranspiration, all three models are only nearly accurate in the winter 
months where the potential evapotranspiration is very low. During the rest of the year, 
potential evapotranspiration is projected to be lower than observed. The models are 
quite uniform in this regard, except for late summer where ECHAM5-RACMO2 is even 
lower than the others. 
 
Mean monthly net precipitation 
Figure 7 shows the mean monthly netP per day during 1991-2010. The netP reflects the 
amount of precipitation after potential ET (potET) has occurred and can be expressed 
with the following equation: 
𝑛𝑒𝑡𝑃 = 𝑃 − 𝑝𝑜𝑡𝐸𝑇 
Temperature directly affects how much potential evapotranspiration can occur, thus 
netP incorporates all the climate variables of interest to this study: precipitation, tem-
perature and evapotranspiration. This offers an appreciation of how much water is 
available for soil and aquifer storage, as well as river and stream discharge.  
 
 
Figure 7. Mean monthly netP per day (1991-2010). 
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In figure 7, it can be seen that most models are too wet, particularly in the summer 
months. There are months where the observed data shows negative netP (meaning wa-
ter is lost to evapotranspiration) while the models project that water is, in fact, available. 
HadCM3-HadRM3 seems to be the model that best fits the observed data in terms of sea-
sonal variation, thus a lower uncertainty in applying the model. HadCM3-HadRM3 has 
only a slight dry bias in the winter and not a very significant wet bias in the summer. 
ECHAM5-RACMO2 shows a greater wet bias compared to the observed and the other 
models in the autumn months. ARPEGE-RM5.1 is accurate for the winter months, but has 
a wet bias for the summer.  
  These trends demonstrate that delta change bias correction is the more 
appropriate method. If a given climate model reported a high future increase in net pre-
cipitation compared to the observed data, the scale of the change would be very large if 
added on top of the known models and months with wet biases. With this in mind, it is 
important to focus on the relative change between the models, as opposed to the change 
between the observed reference and the future climate model projections.  
 
 
5.1.2 Future 
The delta change factors and values presented here represent a comparison of a mod-
elled past to a modelled future. The delta change factors for precipitation and potential 
evapotranspiration were derived by dividing the future values by the reference values, 
and the delta change values for temperature were derived by subtracting reference val-
ues from future values. The delta change factors do not represent the relationship be-
tween the models and reality, but rather illustrate how the climate is going to change 
according to each model. 
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Figure 8a. Precipitation delta change factors. 
As visible in figure 8a, ARPEGE-RM5.1 projects that the future precipitation will de-
crease nearly all year; especially during the late summer months. Only February and 
December will have more precipitation. ECHAM5-RACMO2 projects that precipitation 
will increase in winter and spring, but decrease slightly during summer and fall – wetter 
winters and drier summers, in other words. HadCM3-HadRM3 is much more polarised 
and inconsistent.  
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Figure 8b: Temperature delta change values. 
All climate models show that temperatures will rise in the future, as seen in figure 8b. Of 
the three models, ARPEGE-RM5.1 shows the least temperature increases for all months 
except July-September and December where ECHAM5-RACMO2 is lower. HadCM3-
HadRM3 projects much greater temperature increases for all months, particularly Janu-
ary. 
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Figure 8c. Potential ET delta change factors. 
As presented in figure 8c, all models show that potential ET will increase in the future. 
During fall and the first months of winter, ARPEGE-RM5.1 projects the highest increase. 
ECHAM5-RACMO2 shows very little seasonal variation. Overall, HadCM3-HadRM3 pro-
jects the greatest increase, especially during winter. 
 
Figure 9. Modelled mean monthly netP per day (2071-2100). 
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Regarding the future netP, ARPEGE-RM5.1 projects that netP will be greater during win-
ter and less during summer. ECHAM5-RACMO2 projects that the netP during mid sum-
mer will not change much, but increase for the rest of the year. HadCM3-HadRM3 shows 
about the same as ARPEGE-RM5.1, albeit less extreme in either direction. The overall 
trend generated by the models is that winters will be wetter and summers will be drier. 
 
5.2 Hydrological modelling 
Table 2 shows annual summary statistics for stream discharge as a result of simulations 
with the DK-model under observed (past) and far future climate conditions in the El-
verdams Å catchment. The first column reports the average total amount of discharge 
annually. The second column reports median of minimum daily flows as a characterisa-
tion of low flow discharge (Olsen et al., 2013, p. 57). The third column reports the 95th 
percentile of discharge as a characterisation of peak flows. The first row indicates the 
hydrological response under observed climate, whereas the next three rows report the 
hydrological response under the three different models in the far future. . 
Table 2. Annual summary statistics for hydrological modelled stream discharge. 
 
Avg. total annual 
discharge (mm/yr) 
Median of min flow 
(mm/day) 
0.95% p of discharge 
(mm/day) 
OBS 468,92 0,48 2,38 
ARPEGE-RM5.1 307,36 0,30 1,60 
ECHAM5-RACMO2 554,64 0,53 3,12 
HadCM3-HadRM3 397,75 0,34 2,15 
 
Annually, ARPEGE-RM5.1 and HadCM3-HadRM3 project respectively 34% and 15% less 
stream discharge in the future, whilst ECHAM5-RACMO2 projects 18% more (see table 2 
and figure 10). These annual hydrological projections are consistent with the median of 
minimum flow and the 95th percentile of discharge, which reflect daily low and peak 
flows: ARPEGE-RM5.1 and HadCM3-HadRM3 project, respectively, a decrease of 37% 
and 29% in low flow, and ECHAM5-RACMO2 projects an increase of 10%. Finally, AR-
PEGE-RM5.1 projects a decrease in peak flows of 33%, HadCM3-HadRM3 projects a de-
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crease in peak flows of 10%, and ECHAM5-RACMO2 projects an increase in peak flows of 
31%.  
 
 
Figure 10. Past and future modelled discharge. 
As seen in figure 10, both ARPEGE-RM5.1 and HadCM3-HadRM3 project less stream dis-
charge for all months throughout the year. ECHAM5-RACMO2 projects that for summer 
and fall, stream discharge will be nearly the same as in the past, but increased during 
winter. 
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6 Findings and discussion 
In this project, climate model bias has been identified and accounted for in three climate 
models. The models in question were selected to represent the range of projections of 
the ENSEMBLES project. Annual and seasonal characteristics have been compared be-
tween the three climate models, and the delta change bias correction method has been 
applied as a way of coping with the bias of the models and revealing the relative climate 
changes between them. The projected changes in precipitation, temperature and poten-
tial evapotranspiration in the Elverdams Å catchment have been determined for the pe-
riod 2071-2100 based on the output of the three climate model outputs. Then, the bias 
corrected climate model data has been used to force the hydrological model (DK-model) 
under future climate conditions. Finally, the discharge outputs from the hydrological 
model have been used for comparison to assess how climate change may have an impact 
on low flow in Elverdams Å. 
 
ARPEGE-RM5.1 
Compared to the observed data (1991-2010), the amount of total annual precipitation 
projected by ARPEGE-RM5.1 was very accurate, with only a 3% wet bias. The projected 
average daily temperature was approximately 0.8°C lower than the observed. Like the 
other climate models, the projected annual potential ET was approximately 200 
mm/year lower than observed - almost 30%. The comparison of mean monthly precipi-
tation showed that ARPEGE-RM5.1 made accurate projections for late winter and early 
spring months, but was far too wet during late spring and early summer months and too 
dry in the late summer, autumn and winter months. With regards to temperature, AR-
PEGE-RM5.1 showed a minor cold bias in the autumn and winter months. The potential 
ET projected by ARPEGE-RM5.1 was, like the other models, only accurate for mid-
winter. The closer one moved to summer, the more the models underestimated potential 
ET. The net precipitation projected by ARPEGE-RM5.1 was accurate for the winter 
months, but too wet during summer.  
  ARPEGE-RM5.1 projects a future decrease in discharge across the whole 
year except for February and December. The summer months in particular will be drier. 
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The total annual decrease is 34%. ARPEGE-RM5.1 shows the least temperature increas-
es of all the models, projecting increase ranging from approximately 1.7 to 3.0 °C, with 
an annual average of 2.2 °C. ARPEGE-RM5.1 projects increased potential ET for the 
whole year, especially during fall and the beginning of winter. In comparison to both the 
observed past and the future projections from the two other climate models, the hydro-
logical output based on ARPEGE-RM5.1 projects the lowest annual discharge in El-
verdams Å of 34%. The same can be said of its projected low flow (decrease of 37%) and 
peak flow (decrease of 33%). Additionally, the annual average precipitation is decreased 
at a factor of 0.88. Finally, ARPEGE-RM5.1 projects that net precipitation will be greater 
during winter and less during summer. 
 
ECHAM5-RACMO2 
Compared to the observed data from 1991-2010, ECHAM5-RACMO2 had a bias of 15% 
higher annual precipitation, 2% colder temperature and 32% less potential evapotran-
spiration. 
  As the only of the three models, ECHAM5-RACMO2 projects a future in-
crease in annual discharge (18%), but with slight decrease during summer and fall. The 
annual precipitation lies at an increase factor of 1.11. Additionally, ECHAM5-RACMO2 
projects a 10% increase in low flow and 31% increase in peak flows. The annual tem-
perature of ECHAM5-RACMO2 shows an increase of 2.24°C compared to the reference 
period, and the potential evapotranspiration shows an increase with little seasonal vari-
ation. 
 
HadCM3-HadRM3 
For the reference period, HadCM3-HadRM3 was the only model with a dry bias: 8% less 
annual precipitation than the reference period. This model had a cold bias of 12% and 
projected 29% less potential evapotranspiration than the observed. In other words, an-
nually HadCM3-HadRM3 was a little too dry and cold. 
  For the future, HadCM3-HadRM3 projects no clear seasonal pattern of pre-
cipitation, however the annual average is approximately the same as the reference peri-
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od. Few of the months have very slight increases, particularly in the winter. The summer 
projections are characterised by a decrease in precipitation. 
  HadCM3-HadRM3 projects a much clearer pattern for temperature 
throughout the year, with significant increases. The annual increase in delta change fac-
tor for HadCM3-HadRM3 is 3.24°C. The highest increase of temperature is found in Jan-
uary, where HadCM3-HadRM3 projects a 5°C increase. HadCM3-HadRM3 projects the 
greatest increase in potential evaporation of all the models, particularly in the winter.  
HadCM3-HadRM3 projects a 15% decrease in discharge, and a 29% decrease in low 
flow. The decrease is particular to the projections for the summer months, while the dis-
charge projection for the winter months are more similar to the DK-model. 
 
Overall, the projected amounts of discharge are dominated by precipitation patterns. 
However, HadCM3-HadRM3 projected only a slight decrease in precipitation, while the 
projected increases in temperature are very high. Thus, for this model, temperature be-
comes the more influential variable affecting the amount of discharge because of its ef-
fect on actual evapotranspiration. HadCM3-HadRM3 projects less net precipitation 
which could otherwise have contributed to discharge. As such, we find that unchanged 
or decreased precipitation makes temperature the most important factor for future dis-
charge. 
 
To summarise the projections: 
 All climate models project annual increases in temperature between 2.2-3.24°C. 
 All climate models project annual increases in potential ET, with HadCM3-
HadRM3 in the top in the winter period. 
 All climate models project increases in netP in the winter and decrease in sum-
mer. ARPEGE-RM5.1 has the highest decrease in the summer, while ECHAM5-
RACMO2 has the highest increase in the winter. 
 ECHAM5-RACMO2 projects an increase in precipitation (factor of 1.11), HadCM3-
HadRM3 is roughly the same as in the reference period (factor of 1.01) and AR-
PEGE-RM5.1 projects a decrease (factor of 0.88). 
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 Both ARPEGE-RM5.1 and HadCM3-HadRM3 project decreases in discharge, 
whereas ECHAM5-RACMO2 projects an increase. 
In short, ARPEGE-RM5.1 projects a dry future, ECHAM5-RACMO2 projects a wet future 
and HadCM3-HadRM3 projects a warm, dry future. 
 
  This summary indicates that the impact of climate change is evenly affect-
ing annual and seasonal characteristics. The methodology would have allowed us to see 
if there were differences in these characteristics. The future discharge is dominated by 
the future precipitation characteristics, which makes sense taking the hydrological cycle 
into consideration. 
  The model with the most interesting result is the HadCM3-HadRM3. It has 
the highest increase in temperature, the highest increase in actual evapotranspiration 
and a decrease in discharge, but the precipitation is the same as in the reference period. 
This illustrates the interaction of temperature on actual ET and therefore netP, which 
could become discharge. Here, temperature dominates actual evapotranspiration, which 
affects net precipitation, directly affecting discharge. Thus, we have found that a change 
in the amount of discharge indicates a systematic change, and not simply one factor.  
 
Impacts on habitats and ecosystems 
Denmark, being currently of temperate climate, has no measurable ice caps that are in 
danger of melting. Nevertheless, a change to the global climate will not be without con-
sequence for other systems. Certain species and their niches in Elverdams Å require a 
certain amount of water and a specific temperature to thrive. Some species may become 
endangered or even become locally extinct, depending on their respective “tipping 
points”. Further research of a species or a system could explore such tipping points and 
use the results obtained here to evaluate the likelihood of a given species’ survival.  
 
Climate change and human behaviour 
The world population has well exceeded 7 billion people. Not only the size of the popula-
tion but also the speed of its growth are expected to co ntinue rise, and the larger the 
population, the more resources are needed for consumption and production. In addition, 
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water availability is decreasing, which means efficient water use becomes an important 
consideration. Increased groundwater pumping is likely going to stress systems that 
already are already characterised by low discharge. Consequently, another challenge is 
to meet the demands for human consumption without destroying the ecosystems that 
provide us with water. 
  Unlike other countries capable of diversifying water resources, such as riv-
ers and melting snowcaps, Denmark obtains all of its drinking water from ground water. 
Ground water availability is determined by water quality and water quantity, the latter 
of which has been the focus of this project.  
  Copenhagen, for example, obtains all of its drinking water from two nearby 
municipalities: Roskilde and Køge. Copenhagen is the capital of Denmark and the largest 
city in the country, and the municipality with the greatest consumption of water  in 
Denmark. If Roskilde and Køge experience increased water stress in the future due to 
higher demand, Copenhagen may be required to look to other municipalities for its wa-
ter supply. This would create an even more complex infrastructure for water distrib u-
tion, and require many resources and much planning. Importantly, the results of this 
project only identify climate changes and do not take pumping into account. Arguably, 
scenarios with pumping would probably lead to even more severe projections for the 
future amount of discharge.  
  A counter argument to those presented here is that of the development of 
new technologies. The A1B emission scenario assumes an increase in global population , 
which will peak mid-century and will be in decline in the projected period (2071-2100) 
(IPCC1). A1B also presumes the development of new and more efficient technologies, 
which was one of the points in the chapter on uncertainty. Since Denmark is extremely 
dependent on the availability of clean groundwater, the incentive to develop more effi-
cient and clean methods of groundwater extraction is already present.  
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